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Abstract 
In this paper, alkaline textured surfaces are described by means of statistical methods to evaluate what can be behind 
the term homogeneity found in literature. The evaluation of pyramid homogeneity is described in respect of the 
pyramid tip positions in the plane by testing against complete spatial randomness. The basic statistical methods used 
are described and a comparison with microscopic geometrical features of the pyramids is discussed. The statistical 
analysis yields appropriate classifications allowing for quantitative judgment of whether a surface has  a regular 
distribution of pyramids or not. 
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1. Introduction 
Anisotropic texturing of mono-crystalline wafers resulting in upright pyramids is a standard technique 
to reduce reflectiv ity and thus to enhance solar cell efficiency. Nowadays the established KOH/IPA 
process is often replaced by additive based etching solutions to enhance process stability and to ease 
safety requirements due to working without IPA [1, 2]. Moreover, texture additives for alkaline texture 
processes promise to enhance surface homogeneity (see e.g. [1] and the literature cited therein). In  this 
ramid distributions are discussed. The scope of this work is to 
explain the term homogeneity in respect to the spatial distribution of pyramid tips on the wafer surface. 
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2. Methods  
The following figure outlines data generation, processing and handling. The subsections mentioned 
within the boxes describe the data processing steps in more detail. 
 
 
Fig. 1. Data generation, processing, and handling. 
2.1. Textures and experiments 
276 wafers were taken  from d ifferent experiments to generate a variety of different surfaces regarding 
pyramid size, distances and distribution. Some wafers were measured at different positions. Textures 
were carried out using three types of pre-cleaning steps and two types of texturing processes. According 
to different materials and processes the textured wafers are pooled into experimental groups with the 
categorical variables Exp 0 and Exp  1. As some materials come from production processes coded 
variables were used.  
2.2. Determination of surface profiles and data processing 
The determination of 3D surface profiles by means of a measuring confocal laser scanning microscop e 
(mcLSM, Olympus LEXT OLS 4000), the data processing using MountainsMap Software and the data 
evaluation with respect to geometric parameters are described in detail elsewhere [1, 3]. 
Pyramid tip positions were calculated using watershed algorithms (Figure 2). The watershed function 
applies a morphological filter to the height image (grey scale image) and segments the image into 
watershed regions. The pyramid tips are the local minima inside a watershed region (pictures are 
examined upside down). 
two watershed parameter sets were tested: While a very sensitive set generates pyramid positions even if 
there is only a small tip  on the pyramid flank (Set 1), a  less sensitive parameter set (Set 2) tends to neglect 
tips on flanks.  
 
Applying different textures   / s ets of experiment s  (2.1)  
Determination of surface profiles by laser scanning microscope (2.2)   
Calculation of pyramid height / distances and derived parameters by MountainsMap (2. 2 )  
Evaluation of surface  statistics (2. 3  and 3 )  Measurement of surface reflection (2. 4 )  
Comparison of statistical surface parameters and reflection ( 3)  
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Fig. 2. LSM picture after applying a watershed algorithm. Crosses mark peaks (pyramid tips) and black lines the boundaries 
(watersheds) to adjacent motifs (pyramids). The picture dimension is 128 μm x 128 μm. 
2.3. Test of complete spatial randomness 
The spatial distribution of pyr  against complete 
spatial randomness (CSR the observed set of points (pyramid t ips in the plane, compare Figure 3) is tested 
against a Poisson point process (independent distribution  of points in the plane) taken as a null model  
The test returns a p-value to reject the null hypothesis  H0 of independence between point locations. 
The traditional way  to report the results of a hypothesis test is to state that the null hypothesis was or was 
not rejected at a specific p -value or level of significance which was chosen to be 0.05  [4]. The nu ll 
hypothesis is rejected towards a regular point pattern or a clustered point pattern. The regular point 
pattern is interpreted as what we would define as  distribution of pyramid tips. 
(number of pyramid t ips in 6 x 6 equal quadrates  on 
mcLSM images) according to the rules given in [5]. Data were evaluated with help of the free statistics 
program R and the use of its spatial statistics package [5]. The proprietary program JMP was used as an R 
interface and as platform for further calculations  regarding other surface parameters using exp loratory 
data analysis tools. 
 
 
Fig. 3. Examples for the three types of point patterns of pyramid tips which can be evaluated. The picture dimension is 120 μm x 
120 μm (edges, i.e. open motives, are neglected). 
clustered complete spatial randomness, 
independent  
regular /  
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2.4. Measurement of surface reflection 
Reflection was measured using a VARIAN Cary 5 Spectrophotometer equipped with an integrating 
sphere. Results are given as reflection r (in %) at 1000 nm. 
3. Results 
Comparing the two experimental groups and different watershed algorithms it becomes obvious that 
wafers in group Exp  1 tend more to have a regular d istribution of pyramids and are less affected by the 
change of the sensitivity of the watershed algorithm than the wafers in Exp 0 (Figure 4). It can be noted 
that most wafers in Exp 0 and no wafers in Exp 1 were textured by KOH/IPA. 
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Fig. 4. Contingency analysis of CSR results. The null hypothesis (H0) is not rejected (red) or the H0 hypothesis is rejected towards a 
regular distribution of pyramids (blue).     
Analyzing both watershed parameter sets reveals that the regular distributed surfaces are most likely to 
find in the g roup of wafers processed with Precleaning type 3  in combination with Texture 2  (Figure 
5)  
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Fig. 5. Data partitioning (top: for watershed parameter set 1, bottom: for watershed parameter set 2) shows a significant part of the 
wafers belonging to the group processed with Precleaning t ture 
pyramids (blue colour).  
Surfaces with regular d istributed pyramids span a wide range of geometrical parameters like the 
parameter  (MaxP) , where  is the scale parameter of the ext reme value distribution of the maximum 
distance to the adjacent pyramid MaxP (see [1, 3] for details) or the pyramid density measured in 
pyramids/μm², as well as reflectivity in %. The Exp  1 / Set 2 data set results show a decrease of 
reflectivity with increasing parameter  (MaxP) and an  increase of reflectiv ity with increasing pyramid 
density (Figure 6). 
 
 
Fig. 6. Correlation of reflectivity r with  (MaxP) (parameter of the extreme value distribution of maximum distance to adjacent  
pyramids) and with pyramid density for data set  Exp 1 / Set 2. 
4. Summary and outlook 
The statistical analysis (test against CSR) yielded appropriate classifications allowing for quantitative 
judgment whether an alkaline textured 
not. There is evidence that some cell processing steps tend to deliver a significantly higher amount of 
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surfaces with regular distributed pyramids than others. Surfaces with regular d istributed pyramids span a 
wide range of geometrical pyramid parameters  and reflectivity. 
Further investigations are ongoing regarding the influence of spatial pyramid distribution and 
geometrical pyramid parameters on cell processing steps (e.g. printing of cells) and cell performance. 
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